Abstract: This paper describes a proposal and successful demonstration of a dual wavelength all-fiber passively Q-switched erbium-doped fiber ring laser. The Q-switch operation was realized by using a nonlinear loop mirror that incorporated an unbalanced dispersion-decreasing taper fiber to act as a saturable absorber without additional elements. This setup enabled a fiber ring laser to achieve a performance of 48.7 kHz repetition rate with pulse duration of around 3.2 μs and approximate pulse energy of 20 nJ. Tm3+-doped double-clad fiber laser using graphene-oxide-deposited fiber taper," Opt.
Introduction
Q-switched fiber lasers attract significant contemporary interest due to their use in numerous applications such as industrial metal cutting, nonlinear optics, optical communications, and measurements systems. Such lasers are categorized as either passive or active. Actively Qswitched lasers require the use of an active medium to modulate the loss in the cavity, with pulse energy and duration being directly related to the capacity of the active medium energy storage. Active Q-switching methods include the use of a silicon-based variable attenuator in conjunction with a fiber Bragg grating (FBG) [1] , the use of an electro-optics modulator in a linear cavity [2] , and acoustic based modulators formed with a double clad neodymium-doped fiber [3] . The necessity of an active medium or modulator adds complexity to actively Qswitched laser systems, and causes them to be perceived as bulky, expensive and power consuming.
Passively Q-switched lasers offer comparative advantages of compactness, simplicity, power efficiency, easy integration with optical systems, and no active medium requirement since the medium is a saturable absorber. Recent extensive research has been conducted on passively Q-switched fiber lasers using carbon nanotubes (CNT) in a variety of arrangements. One of the earliest demonstrations of CNT for Q-switching lasers was the use of a saturable absorber incorporating carbon nanotubes (SAINT), whereby a single-walled CNT is embedded between two quartz substrates to create a mode-locked and Q-switched laser [4] . Other CNT designs for Q-switched lasers have used a CNT deposit at an output mirror coupler in a linear waveguide cavity [5] , and D-shaped depositions that enhance CNT flake interaction with the evanescent field [6, 7] . Further research exploring the use of graphene and graphene oxide (GO) for Q-switching includes multilayer graphene situated between fiber ferrules [8, 9] , graphene films coated on output coupler mirror [10] , and a composite film within a two-micron fiber laser configuration [11] . Moreover, GO coated on indium tin oxide (ITO) [12] and GO flakes deposited on a taper fiber to exploit the evanescent field interaction with the graphene deposit have also been reported [13, 14] .
Saturable absorbers are specially designed materials with low saturation intensity, and, if selected suitably to work in their designated role, significantly benefit the passively Qswitched laser system performance. Such materials require accurate deposition techniques, and possess a relatively low damage threshold that can become a factor in system instability when operated with high power lasers. An all-fiber system design mitigates these drawbacks, and hence presents an attractive alternate to conventional saturable absorbers.
Nonlinear loop mirrors (NOLM) have been investigated for suitability as intensity dependent transmission (IDT) devices, with reports on applicability as a solid state fast saturable absorber [15] , and for use in ultrafast processing [16] , pulse shaping and compression [17] , mode locking [18] and Q-switching [19] . NOLM can achieve IDT via an asymmetrical loop with unequal splitting ratios of intensities [16] , in which the accumulation of the nonlinear phase shift due to self-phase modulation effect is exploited [20] . IDT can be otherwise realized by a symmetrical NOLM with intensities that are equally split and operates on the principle of accumulation of the nonlinear phase shift due to nonlinear polarization rotation [18] . A novel NOLM has been reported to achieve IDT via progressively decreasing the diameter of a particular type of fiber to decrease dispersion [21] . Such fibers are classed as dispersion-decreasing fibers [22] , and are used for pulse compression [23] and soliton pulse processing [24] . Heavily tapered fibers with reduced core size of several microns are observed to have dramatic variations in dispersion properties [25] . The chief advantage of NOLM lies in offering a fast saturable absorption operation with an all-fiber design at the exclusion of additional elements. A major general drawback of present NOLM loops is the necessity for a length in excess of hundreds of meters using single mode fiber to accumulate a sufficient nonlinear phase shift.
This paper describes a proposal and experimental demonstration of an all-fiber passively Q-switched erbium-doped fiber (EDF) ring laser. The design consisted of a novel fiber ring laser configuration that incorporated a NOLM with a dispersion-decreasing taper fiber (DDTF) in order to create a simple Q-switched fiber laser. This paper represents the first report in the authors' knowledge of such a loop being used in a laser ring cavity for Qswitching. The aforementioned non-uniform taper fiber acted as a dispersion-decreasing medium that unbalanced the dispersion in the loop and accumulated a nonlinear phase shift from the dispersion variations. The latter effect allowed for realization of an IDT that mimics ultrafast saturable absorber operation. Furthermore, the loop did not exceed 3 meters in length. This compactness represented a huge improvement over other devices operating on similar principles, since high nonlinearity effects become very significant over a short length in taper fiber with 4 μm core size in comparison to standard single mode fiber. The proposed EDF laser achieved a tuning range between 7.3 kHz and 48.7 kHz repetition rates for relatively low pump powers, and pulse duration of 3.2μs with pulse energy of 20 nJ. An observation of narrow dual wavelength output is also reported in this paper. Figure 1 illustrates the experimental setup for the all-fiber Q-switch laser using a symmetrical NOLM design.
Experimental setup
The ring laser circuit was initiated with a 980 nm laser diode pump connected to a 980/1550 nm WDM coupler. The output of this WDM was linked to a 3 m EDF with a peak absorption of 18 dB/m at 1531 nm and 12 dB/m at 980 nm, with numerical aperture of the EDF being approximately 0.22 and a mode field diameter at around 6 μm. The other end of the EDF was connected to a polarization controller (PC) in order to control the cavity polarization. The output of the PC was connected to port 1 of a 1550 nm optical circulator. Port 2 of this circulator was connected to a 3 dB coupler C1. A subsequent connection between the two outputs of C1 represented the formation of a Sagnac loop mirror, and this loop further incorporated a DDTF of 4 μm core size diameter. The addition of DDTF causes an imbalanced dispersion within the loop. Port 3 of the circulator was connected to an 80/20 coupler C2. The 20% output of C2 was connected to a 3 dB coupler C3. The first output of C3 was connected to an optical spectrum analyzer (OSA) (model: Anritsu MS9780A) with a resolution of 0.07 nm, and the second output of C3 was connected to a 500 MHz oscilloscope (model: LeCroy WaveJet 352-A) via a 20 GHz photo-detector (model: Agilent 83440C). Finally, the ring was closed by the 80% output of C2 being linked with the 980/1550 nm WDM coupler input. [26] . This fabrication process began with the placement of a standard single mode fiber of 9 μm core diameter and 125 μm cladding on a tapering station. This station comprised two stages and a torch consisting of a butane and oxygen mixture with flame length of approximately 1.5 mm. Gas mixture levels were optimized for a desired flame temperature, after which the fiber was simultaneously heated and pulled in order to acquire the desired diameter and structure. A non-uniform taper fiber was created in this fabrication procedure by means of moving one stage whilst the other stage and flame remained static. Signals entering from one end of such a fiber will undergo a long and relatively slow transition phase, yet will experience a quick transition phase when entering from the other end.
The NOLM has been proven to possess an optical switching characteristic [16] which is comparable to a saturable absorber operation [15, 27] , and the use of NOLM for modelocking and Q-switching has been widely reported [18, 19] . The NOLM is constructed from aaccumulated nonlinear phase differential that is induced by self-phase modulation [16] , and the NOLM device responds to the phase differential between two counter-propagating waves. This phase differential can be realized by allowing the two counter-propagating fields to experience effects that arise from non-identical propagation [15] . Input signals of the coupler undergo a split into two counter-propagating waves, and these waves recombine at the coupler after traveling through the loop. A dispersion imbalance is generated in the loop by incorporating an asymmetric dispersion propagating medium. Each counter-propagating field will experience a different dispersion change. These dispersion changes result in evolution differences between the counter-propagating fields, and a consequent phase difference accumulates through self-phase modulation. A result of this phase difference accumulation is that light with low intensity or long pulses is reflected, while short pulse and high intensity light is transmitted [21] and thus causes the NOLM to perform as an intensity dependent transmission device [17] . Since the response of the loop is phase sensitive, as discussed above, the uniform nonlinear phase acquired by the pulse evolution will have maximally effective pulse discrimination when the NOLM incorporates a means for appropriate dispersion as well as nonlinearity.
The unbalanced NOLM mode of operation is explained as follows. Firstly, a 3 dB coupler C1 was used to split the light into two equal ratios with corresponding equal intensities yet counter-propagating directions. The non-uniformity of the DDTF is seen in Fig. 2 , wherein an adiabatic long transition area from left-to-right existed with diameter decreasing from 125 μm to 4 μm across a 30 cm length, which corresponded to an approximate 4 μm/cm variation. Figure 2(a) gives an example of a slow transition phase section whereas Fig. 2(b) shows the 4μm core size of the taper fiber that invokes quick transitions. Furthermore, the DDTF had a sharp and small transition region from the right-to-left side wherein cross-section diameter decreased from 125 μm to 4 μm along approximately 2 mm of fiber length, which corresponded to a variation of around 62.5 μm/mm. Light traveling through the DDTF in a clockwise direction would experience dispersion variations that were distinct from those of light traveling counter-clockwise, and this difference was due to the medium possessing a characteristic of non-reciprocal propagation. Introducing the asymmetric dispersion variation in the loop allowed two counter-propagating signals to accumulate a nonlinear phase shift as a result of self-phase modulation. These two signals recombined at the C1 input whereupon the nonlinear phase shift accumulation gave rise to an intensity-dependent transmission that acted as a fast saturable absorber. While a similar NOLM concept has been reported in [21] , in this paper a DDTF was tapered to a very small core size of 4 µm such that the small core effective area resulted in a high nonlinear coefficient, and thus increased the nonlinear phase shift at smaller NOLM lengths [17] . Figure 3 shows the oscilloscope trace for repetition rates of the Q-switched fiber laser. The Fig. 3(a) repetition rate of 14.22 kHz was obtained using 23 mW of pump power, which corresponded to −8 dBm of laser output. Figure 3(b) repetition rate of 48.7 kHz was realized by setting the pump at 96 mW, whereupon output was measured to be 0 dBm alongside a pulse energy of 20 nJ. Operation of the passive Q-switching started at a pump power of 20 mW and displayed a fundamental cavity frequency of 7.3 kHz. Pulse duration was measured as 3.2 μs at full width at half maximum (FWHM) for the 48.7 kHz repetition rate, as shown in Fig. 4 . FWHM at the lower frequency of 7.3 kHz was measured as 4 μs. Pulse duration was observed to slowly decrease with increasing power. Figure 5 shows the variation of repetition rate against measured pump power. Observation of the spectrum via oscilloscope showed that increasing the pump power also increased the frequency rate, with a linear relationship between pump power and repetition rate. In this experiment, a maximum pump power of 96 mW resulted in a 48.7 kHz repetition rate, and it can be expected that further increases in power would maintain the relationship of higher repetition rates and further reduction in pulse duration. Moreover, monitoring of the repetition rate over time provided evidence that the passive Q-switching operation was highly stable. The polarization of the loop remained unchanged throughout all variations of the supplied power level. Each data point in Fig. 5 specifies a repetition rate for a given pump power, and was reproduced precisely when the experiment was later repeated; this repeatability was indicative of excellent system stability and reliability. As mentioned in the experimental setup section, an OSA was used to capture the optical spectrum of the laser. Figure 7 shows the spectrum taken from this OSA indicated a dual wavelength output, with wavelength emissions at 1557.8 nm and 1559 nm with a spacing of 1.2 nm. The lasing of the two wavelengths are observed on the OSA to be simultaneous, with each wavelength possessing a 3 dB line width of 0.175 nm. No special filter other than the DDTF was used in the system to generate the dual wavelength aspect. The system could be configured to generate a single wavelength output by fine adjustment of the PCs in the NOLM.
Results and discussion
Thus, a Q-switched EDF ring laser using a NOLM that incorporated only highly nonlinear taper fiber was able to achieve repetition rates of 7.3 kHz to 48.7 kHz corresponding to pump powers of 20 mW to 96 mW respectively.
Conclusion
This paper describes a design and experimental demonstration of a novel all-fiber dual wavelength passively Q-switched EDF ring laser that exploited a dispersion variation in a NOLM. The dispersion variation in the NOLM was due to an internal DDTF that varied in diameter from 125 µm to 4 µm, and facilitated IDT so as to render the NOLM as an artificial ultrafast saturable absorber. The EDF ring laser achieved a repetition rate from 7.3 kHz to 48.7 kHz that corresponded to a respective pump power ranging from 20 mW to 96 mW. Pulse duration underwent a slow decrease for increasing pump power, with a FWHM of 4 μs to 3.2 μs for repetition rates of 7.3 kHz to 48.7 kHz respectively. Maximum pulse energy of 20 nJ was achieved at 48.7 kHz. The EDF ring laser had a dual wavelength output at 1557.8 nm and 1559 nm with 3 dB line width of 0.175 nm for each wavelength. This was a comparatively very simple design exclusively utilizing optical fiber without recourse to external saturable absorbers, and combined high stability with low cost due to the short NOLM loop. The authors of this paper anticipate that the described study will stimulate further developments in this research area.
